Hollow hydroxyapatite (HA) microspheres showed the ability to facilitate bone regeneration 3 in rats with non-healing calvarial defects. However, new bone formation in the rat calvarial defect 4 implanted with the closed HA microspheres was limited. The objective of this work is to evaluate 5 size-, time, and structure-dependent bone regeneration between open and closed HA microspheres in 6 an osseous model. Open HA microspheres were obtained by sectioning closed HA microspheres. 7 The open HA microsphere had dense convex surface and rough and porous concave surface. For 8 both size ranges (ϕ106-150 μm vs. ϕ212-250 μm), the open HA microsphere were more effective in 9 facilitating bone regeneration than the closed HA microspheres in rat calvarial defects. Bone 10 regeneration in the open HA microspheres (49 ± 7% for ϕ106-150 μm; 40 ± 8% for ϕ212-250 μm)
4
22 grafts have advantages such as consistent quality, safety, and good tissue tolerance, but they usually 23 function as inert or merely osteoconductive implants. Encouraging results have been reported.
24
Hydroxyapatite (HA), the main component and essential ingredient of human bone, can be 25 prepared by chemical reactions. Studies have demonstrated that HA supports bone regeneration and 26 bonding to surrounding tissue because of its biocompatibility, bioactivity, and osteoconductivity 27 [13] . Our studies with the closed HA microspheres showed the ability to regenerate bone in non-28 healing rat calvarial defects [14, 15] . Experiments with ϕ106-150 m and ϕ150-250 m closed HA 29 microspheres showed differences in mechanical properties and biological tests [16] . The size 30 variation of closed HA microspheres could affect the structure of HA microspheres. The changes in 31 structure can influence on the biological tests in return. We sporadically observed that there tended to 32 be better bone regeneration with broken closed microspheres with micro-concavity [15, 17] 116 the tissue section with paraffin was 5 μm. These slices were then stained with hematoxylin and eosin 117 (H&E) [19] . Without decalcification, the samples for PMMA embedding were dehydrated in ethanol 118 and embedded in PMMA. These samples were sectioned, affixed to acrylic slices, and ground to a 119 thickness down to 50 μm using a micro-grinding system (EXAKT 400CS, Norderstedt, Germany). 
160
The BET surface area and average pore size of closed HA microspheres in two size ranges are 161 summarized in Table 2 . The surface areas of small and large closed HA microspheres were 101 m 2 /g 162 and 168 m 2 /g, respectively. The average pore sizes of small and large closed HA microspheres were 163 13 nm and 10 nm, respectively. The surface area was higher in the large HA microspheres, while the 164 average pore size was higher in the small HA microspheres.
165 (Table 3) . The Ca/P atomic ratios of the HA microspheres of small size from the surface 172 layer to the inner layer were 1.63 ± 0.11, 1.63 ± 0.11, and 1.60 ± 0.14. The Ca/P atomic ratios of the 173 HA microsphere of large size from the surface layer to the inner layer were 1.67 ± 0.10, 1.63 ± 0.08 174 and 1.63 ± 0.06. There was no significant difference in Ca/P ratio within the three regions or between 175 the two size ranges of HA microspheres (n=10, p>0.05). The Ca/P atomic ratios of the three regions 176 were close to the theoretical Ca/P value of stoichiometric hydroxyapatite, 1.67. 179 Table 3 . Ca/P atomic ratio (n = 10; mean ± SD) for the three regions for 106150 µm and 180 212250 µm. 187 and open HA microspheres was 12 ± 3% and 17 ± 6%, respectively ( Fig. 4 and Table 4 ). The von 194 weeks in rat calvarial defects (n = 5, p's < 0.05 for both sizes, Fig. 8 and 9 ). Smaller closed HA 195 microspheres showed a significant increase in bone regeneration than the larger closed HA 200 
HA microspheres

220
Higher magnification images of the closed and open HA microspheres of both sizes are shown 221 in Fig. 4C and D (from the boxed areas of Fig. 4A1 and A2) and Fig. 5C and D (from the boxed 222 areas in Fig. 5A1 and A2 ). For the closed HA microspheres in both size ranges, bone formation was 223 scanty, while the fibrous tissues filled the pore space between the closed HA microspheres and 224 infiltrated into the hollow core of some broken closed HA microspheres. In comparison, more bone 232 open HA microspheres of small size (Fig. 6) , the percentages of new bone formation were 26 ± 8%
233 and 49 ± 7%, respectively; the von Kossa positive areas were 55 ± 5% and 76 ± 4%, respectively.
234 For the closed and open HA microspheres of large size (Fig. 7) , the percentages of new bone were 30 235 ± 9% and 40 ± 8 %, respectively; the von Kossa positive areas were 56 ± 5% and 65 ± 5%, 
289
The effectiveness of micro-concavity in bone regeneration has been investigated by others 309 Higher dissolution/degradation of HA could release more Ca 2+ and phosphate ions, which could 310 facilitate bone regeneration. In this study, there was no significant difference in Ca/P ratio within the 311 three regions or between the two size ranges of HA microspheres. It is possible that the Ca/P ratio of 312 our HA microspheres can be manipulated to achieve varying degree of dissolution.
313
The current study demonstrated that the small open microspheres induced a more significant 314 increase in bone regeneration than the large open microspheres at both 6 weeks and 12 weeks. One 315 reason for this difference may be attributed to total surface area on microspheres where cells can be 316 attached to. A simulation of the difference in available surface area for cell attachment was made. The closed and open microspheres of ϕ212-250 μm surface areas of have 328 cm 2 and 552 cm 2 , 323 respectively. Another reason for the difference in bone regeneration could be due to the curvature.
324 The small microspheres have higher curvature than the large microspheres. It remains to be 325 investigated how the curvature of the microspheres affect cellular physiology leading to the 326 differential outcome of bone regeneration.
327
An apparent observation is that new bone formation with implants of the small open 328 microspheres was able to completely bridge the defects at the bottoms of all the implants. In 
338
In this work, the closed HA microspheres of ϕ106-150 µm significantly enhance bone
